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This paper introduces a process to prepare a novel ZnO/TiO, heterojunction composite with ZnO
nanoneedles vertically grown on a TiO, film via micro-arc oxidation (MAO), pulse plating and thermal
oxidation. Firstly a TiO, thin film was prepared on a titanium substrate using MAO; then a Zn
nanocrystalline film was pulse plated on the MAO film; finally the composite film was thermally treated at
380° for several hours, which transformed the Zn film into ZnO nanoneedles. SEM observations revealed
that the ZnO nanoneedles were vertically grown on the TiO, film. The advantage of the ZnO/TiO,
heterojunction was that during heat treatment, in addition to the phase transformation from Zn into
Zn0O, simultaneous short-range atom diffusion occurred at the interface between the ZnO nanoneedles
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heterojunction. Photocatalytic experiments demonstrated that, compared with pure ZnO or TiO,, the as-
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1. Introduction

Titanium dioxide (TiO,) has attracted wide attention in the
fields of photocatalysis and solar cells, due to its excellent
optical and electronic properties, stability and security.
However, its applications are still limited because of its
inherent defects involving a large band gap (anatase 3.2 eV),
which restricts the absorbing wavelength to no longer than
387 nm within the UV light, and also the high recombining ratio
of photo-induced electron-holes, which lowers its photocatalytic
efficiency."” Up to now, many methods have been proposed for
overcoming these disadvantages; for example, doping with
metal/non-metal ions®*® and coupling with other oxide semi-
conductors.*™ In general, coupling with an oxide semi-
conductor is a simple and efficient method to improve the
photocatalytic efficiency.

After years of research, many composite systems have been
reported, such as V,05/TiO,,°* SnO,/Ti0,,” CdO/TiO,,* and ZnO/
TiO,."*® Of these, the ZnO/TiO, system has attracted the most
attention."™" As a typical oxide semiconductor with a wide band
gap, nano-sized ZnO has significant size effects and remarkable
catalytic, optical and electronic properties, and has been widely
used in applications including catalysts, optical and electronic
devices and solar cells.**** Up to now, many methods have been
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significantly improved photocatalytic performance, due to this special heterojunction structure.

applied to prepare ZnO/TiO, composites, such as electro-
spinning," hydrothermal methods,”*'>** and metal organic
chemical vapor deposition (MOCVD),"” etc.

In general, the ZnO/TiO, composite can exhibit various
morphologies, including nanofibers,"* nanotubes,” nano-
particles,’* and nano-films,**** etc. Among the nano-film
composite variant, different ways of combining the ZnO and the
TiO, have been reported. For example, Kim et al>' firstly
prepared the ZnO and TiO, nanoparticles with a hydrothermal
method, and then made them into a composite film of
approximately 20 nm using sol-gel spin coating. Zhang et al.*>*
prepared a ZnO/TiO, composite film via vacuum evaporation
and sol-gel methods, which resulted in a morphology of many
particles on the surface of the film. Zhao et al* introduced a
process to prepare TiO, nanorods on a ZnO thin film, which was
deposited upon a quartz substrate by epitaxial growth tech-
nology. Here, it was found that the TiO, nanorods grew along
the (001) direction and reached 450 nm in length. Tian et al.**
prepared a ZnO/TiO, film via a sol-gel process, and SEM
observation revealed that the particles on the film surface were
gradually reduced with a reduction of the Ti content. Mane
et al.*® prepared a ZnO/TiO, film on conductive glass by using
chemical bath deposition, and found that the composite film
was composed of many closely packed particles.

In fact, in a ZnO/TiO, composite system, its performance
improvement, stability and service life are crucially determined
by whether a heterojunction can be formed between the ZnO
and the TiO,, or even whether a tight contact can be established
between the ZnO and the TiO,. This is because when a close
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connection and tight contact are formed at the interface
between ZnO and TiO,, the heterojunction will ensure the
smooth transmission of photo-generated carriers, as well as
adjusting their band structure and improving the physical and
chemical properties. In this way, the long-term stability of the
composite is guaranteed. However, this tight contact hetero-
junction is difficult to form via regular chemical methods at low
temperatures, except by using epitaxial growth. In general, there
exists only a mechanical contact at the interface which has
many “gaps”, resulting in problems with stability and service
life during long-term usage.

Generally, semiconductor photocatalysts can be divided into
two groups, i.e., powder suspensions and thin-films. Powders
have advantages including large surface area, full contact with
the degradable substances, full light acceptance and a higher
photocatalytic efficiency, etc. However, they also have problems,
such as needing to be stirred during the reaction and the
difficulty of separating them out after the reaction.” Recently,
TiO, films have been paid much attention as useful photo-
catalysts for potential industrial applications.”**® The main
methods to prepare TiO, thin films include sol-gel methods,*
magnetron sputtering,” and anodic oxidation,® as well as
micro-arc oxidation (MAO).>*2728

MAO is a simple, economic and efficient technique for
preparing a metal oxide film in situ upon the surface of valve
metal, involving Al, Ti, Mg and their alloys. Oxide films
produced by MAO exhibit many desired properties, such as
good adhesion to substrates, high abradability, excellent
chemical durability and high temperature resistance, etc.”” It
has been recognized that the surface morphology, thickness
and phase structures of TiO, films grown upon Ti substrates via
MAO can be simply adjusted through the experimental
parameters, such as electrical parameters, and electrolyte
components, to improve their properties.””**

In this paper, a novel ZnO/TiO, heterojunction composite
with ZnO nanoneedles vertically grown on a TiO, film was
prepared using a three-step process, i.e., MAO, pulse plating
and thermal oxidation. This composite film showed a prom-
inent improvement in its photocatalytic properties. The reason
was that in addition to having close contact with the substrate,
an efficient and closely connected heterojunction was formed
at the interface between the ZnO nanoneedles and the TiO,
film during the high temperature thermal oxidation, which
provided energy for atomic interdiffusion at the interface. This
composite is also expected to have a good stability during long-
term service.

2. Experimental section
Preparation of the TiO, film via MAO

A titanium alloy (TisAl,V) with a size of 1 em x 1 cm X 0.6 cm
was used as an anode. A stainless steel container was selected as
an electrolyte cell as well as a cathode. The electrolyte solution
was 10 g L ™" analytical-grade Na;PO,, and high voltage power
was used as a current supplier. During the 5 minutes of MAO
treatment, the forward voltage was 550 V, the reverse voltage
was 0V, the frequency was 1200 Hz, and the duty cycle was 40%.
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The temperature of the electrolyte was maintained by a
condensate at below 25°.

Preparation of the ZnO/TiO, composite

AZn nanocrystalline layer was deposited upon the surface of the
TiO, film using square wave pulse plating. Standard Zn foil was
selected as the anode, and the TiO, film as the cathode. During
pulse plating, the forward voltage was 3.0 V, the reverse voltage
was 1.0 V, and the duty cycle was 40%.">*° Then a ZnO/TiO,
heterojunction composite was obtained through the thermal
oxidation of the Zn layer at 380 °C for 4 hours.

The crystalline structure of the ZnO/TiO, composite was
characterized using an X-ray diffraction (XRD) spectrometer
(D8 Advanced XRDj; Bruker AXS, Karlsruhe, Germany) with
CuKa radiation. The morphologies of the composites were
observed using scanning electron microscopy (SEM) (S-4800,
Hitachi High-Technologies Corporation Japan). Field emission
gun scanning electron microscopy (FEG-SEM) (Sirion SEM, FEI,
Netherlands) with an energy-dispersive X-ray spectrometer
(EDS) was employed to characterize the chemical compositions.
UV-vis diffuse reflectance spectra (DRS) of the composites were
measured using the diffuse reflectance accessory of an ultravi-
olet-visible (UV-vis) spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan).

Photogenerated current test

The prepared samples, a saturation calomel electrode and a
platinum electrode were used as the working electrode, refer-
ence electrode and counter electrode, respectively. They were all
immersed in 1 M Na,SO, aqueous solution together. The
working electrode of 1 cm® TiO, film was irradiated horizontally
by a 160 W high pressure mercury lamp, which generated a light
wavelength in the range of 350-450 nm. The distance between
the lamp and electrode was 10 cm. The intensity of the photo-
generated current was measured by an electrochemical work-
station (CHI660C, Chenhua, Shanghai, China).

Photocatalytic deposition test

The photocatalytic activity of the ZnO/TiO, composites was
measured by detecting the amount of "OH generation, which
was done according to the literature.?®***” The prepared
samples were entirely immersed in a 2 mL aqueous solution
containing 10 mM NaOH and 3 mM terephthalic acid (TA).
Before exposure to the visible light irradiation, the solution was
kept in the dark for 30 minutes. The samples were then irra-
diated perpendicularly by a 450 W high pressure mercury lamp.
The fluorescence signal of the 2-hydroxy terephthalic acid was
measured in situ every hour using a fluorescence spectropho-
tometer (F-4500, Hitachi, Japan). The excitation light employed
in recording the fluorescence spectra was 320 nm. In the
degradation experiments of methylene blue and methyl blue,
the samples were immersed in a 3 mL solution with a concen-
tration of 12 mg L™ . The change of the solution concentration
with the extension of irradiation time was measured by an
UV-vis spectrophotometer.
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3. Results and discussion

ZnO/TiO, composites were prepared according to three
processes, i.e., firstly, a TiO, layer was prepared as the substrate
using MAO; then a Zn thin film was deposited upon the TiO,
layer by pulse plating; and lastly, the composite Zn/TiO, was
thermally oxidized in a regular furnace to cause a phase trans-
formation from Zn into the ZnO nanoneedles. Fig. 1 illustrates
the XRD patterns of the composite's phase structures at
different stages. It can be seen that: (1) an anatase TiO, layer
was formed on the surface of a titanium plate from MAO; (2)
after the pulse plating, both Zn and TiO, diffraction peaks were
indexed; (3) after thermal oxidation for four hours, both ZnO
and TiO, peaks were observed, which indicated that the
previous Zn film had been transformed into a ZnO phase, and
the TiO, was still unchanged as anatase.

Fig. 2 shows the typical surface morphology of the TiO, layer
formed by MAO, with craters. After a thin Zn film was deposited
upon the TiO,, the porous microstructures were still observed,
as shown in Fig. 3. Fig. 4 shows the morphology of the dense
ZnO nano-needles grown upon the TiO, surface after thermal
oxidation. Fig. 5 shows elemental mappings for the ZnO/TiO,
composite, which contained oxygen (O), titanium (Ti) and Zinc
(zn). Clearly, Zn atoms were relatively well distributed in the
sample.

In our previous work, a lot of research was done on
preparing ZnO nanoneedles by thermal oxidation,’® which
produced a kind of one-dimensional nanowire with a large
root diameter (about 50 nm) and a small tip diameter (about
10 nm). The growth of the nanoneedles was supposed to be a
kind of “solid state based-up diffusion model”, which was
different from the well-known V-L-S or V-S mechanisms.
That is, driven by a contact electrical field between the Zn and
ZnO interface, the Zn>* on the (0001) plane diffused along the
(0001) direction and generated ZnO with O®~ in the air, and
at last a ZnO nanoneedle was formed. The Zn nanocrystalline
plating and ZnO piezoelectric properties played key roles in
the flourishing growth of the ZnO nanoneedles in the
process.
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Fig. 1 X-ray diffraction patterns for the Ti substrate, TiO, and ZnO/
TiO, heterojunction composite.
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Fig. 2 SEM image showing the morphology of the original MAO TiO,
film.

In the present work, the phase transformation from the Zn
film to the ZnO nanoneedles happened on the TiO, surface
during thermal oxidation (that is to say, the ZnO nanoneedles
grew directly from the TiO, layer), and therefore, not only was a
strong heterogeneous interface formed between the ZnO and
the TiO,, but it was also further strengthened due to the short-
range interdiffusion of elements at the interface."”” We believe
that the interface prepared via thermal oxidation will eventually
improve the electron movements between the ZnO and the
TiO,, and thus enhance the photocurrent performance of the
composites.

In general, transmission electron microscopy (TEM) or
high-resolution transmission electron microscopy (HRTEM)
are ideal techniques for characterizing the interface between
the ZnO and TiO,. However, we found that it was nearly
impossible to prepare a desired TEM specimen, because the
TiO, layer prepared via MAO was tightly coupled with the
titanium substrate. That was to say, during ultrasonic
dispersion for TEM specimen preparation, the TiO, layer
could not be separated from the substrate, while the ZnO
nanoneedles were easily broken. Fig. 6 shows the SEM
morphologies of the ZnO/TiO, composite after ultrasonic
dispersion. Compared with Fig. 4, most of the ZnO nano-
needles had broken and washed off, as shown in Fig. 6(a), but
their roots were still coupled with the TiO, layer, as shown in
Fig. 6(b), which revealed a tight contact at the interface, and
also exhibited a good stabilization.

Fig. 3 SEM image showing the morphology of the MAO TiO, film
covered with a Zn film.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 SEM images showing the morphology of the ZnO/TiO, het-
erojunction composite with a nanoneedle- on-film structure: (a) low

maghnification; (b) high magnification.

Fig. 5 (a) SEM image of the ZnO/TiO, heterojunction composite with
a nanoneedle-on-film structure and the corresponding elemental
maps: (b) oxygen at K peak, (c) Ti at K peak, (d) Zn at K peak.

Fig. 6 SEM morphologies of the ZnO/TiO, composite with a nano-
needle-on-film structure after ultrasonic dispersion: (a) low magnifi-

cation; (b) high magnification.

Fig. 7 SEM morphologies of the ZnO/TiO, composite with a nano-
needle-on-film structure after decreasing the pulse deposition time:
(a) low magnification; (b) interface between ZnO and TiO,.

This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Fluorescence spectra obtained for the supernatant liquid of
the irradiated ZnO/TiO, solution containing 3 mM TA at various irra-
diation periods. The inset shows the time dependence of the fluo-
rescence intensity at 426 nm of the TiO,, ZnO and ZnO/TiO,

composite.

In addition, in order to directly observe the interface, a new
set of ZnO/TiO, composites was prepared with a short Zn
deposition time of only 10 seconds, as shown in Fig. 7. In this

RSC Adv., 2014, 4, 18186-18192 | 18189
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Fig. 11 (a) Relationship between In(Co/C) and the reaction time of methyl blue photocatalytic decomposition with the as-prepared photo-
catalysts of TiO,, ZnO and the ZnO/TiO, composite; (b) cycle degradation of methyl blue with the ZnO/TiO, composite for 6 reuses.
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Fig. 12 Relationship between In(Cy/C) and the reaction time of
methylene blue photocatalytic decomposition with the as-prepared
photocatalysts of TiO,, ZnO and the ZnO/TiO, composite.

case, with a short pulse deposition time, the number of ZnO
nanoneedles reduced greatly and the diameter became bigger,
which provided a wide sphere of vision to directly observe the
interface between the ZnO and the TiO,, as shown in Fig. 7(b).

Fig. 8 illustrates the UV-vis absorption spectra of the
samples. The ZnO used for reference was prepared by square
wave pulse plating a Zn layer upon the surface of a titanium
substrate, and then using thermal oxidation of the Zn layer at
380 °C for 4 hours. The strong absorption in the visible range of
all samples was caused by the titanium substrate and has no
contribution to the generation of electrons and holes.”>*”
Regardless of the effect of the substrate, the experimental
results revealed that the ZnO/TiO, composite exhibited a strong
absorption for UV-vis light, when compared to pure ZnO and
TiO,. This is expected to have a positive impact on enhancing its
photocatalytic properties.

In general, the photogenerated current test is an effective
method for characterizing the electron-hole separation effi-
ciency of semiconductors, which is associated with the intensity
of illuminating light, chemical compositions and microstruc-
tures of photocatalysts. Fig. 9 illustrates the photogenerated
current intensities of pure TiO,, ZnO and the ZnO/TiO,
composite irradiated by a high pressure mercury lamp under

18190 | RSC Adv., 2014, 4, 18186-18192

the same conditions. Obviously, compared with the pure ZnO
and TiO, layers, the current intensity of the ZnO/TiO, composite
was improved significantly, indicating a high separation effi-
ciency of the photo-generated carriers. This result could be
ascribed to the tight contact heterojunction formed between the
ZnO and the TiO,, which was predicted to cause a significant
improvement to the composite’s photocatalytic effect.

It is well-known that the photocatalytic efficiency of catalysts
can be effectively characterized by detecting the amount of "OH
generation with irradiation. TA was used as the fluorescence
probe because it can react with "OH in solution to generate
2-hydroxy terephthalic acid (TAOH), which emits a unique
fluorescence signal at 426 nm.?®***%” According to the literature,**
during the photocatalytic process, TA only reacts with "OH,
generating TAOH, and so this was used as a fluorescence probe.
Since the fluorescence intensity increased almost linearly with
the irradiation time, the TAOH formation rate was calculated
from this slope, which could evaluate the photocatalytic activity
of the as-prepared samples. The fluorescence spectra associated
with TAOH were generated by irradiating the ZnO/TiO,
composite, as shown in Fig. 10. The inset of Fig. 10 is the time
dependence of the fluorescence intensity at 426 nm of the TiO,,
ZnO and ZnO/TiO, composite. The results demonstrated that
after photo-degradation for three hours, the photocatalytic effi-
ciency of the ZnO/TiO, composite increased approximately two
or three times more than that of pure TiO, and ZnO.

It is well established that the photocatalytic degradation of
an organic dye is classified as exhibiting first-order kinetics,
defined by the following equation:**>*°

In(Cy/C) = kt

where Cy and C are the reactant concentration at times ¢ = 0 and
t = t, respectively, and k and ¢ are the apparent reaction
rate constant and time. A plot of In(Cy/C) versus t will yield
a slope of k.

The relationships between In(C,/C) and the reaction time are
illustrated in Fig. 11(a) and Fig. 12. A linear behavior was
observed for the samples and the results obeyed this kinetics.
According to Fig. 11(a), the reaction rate constants of the three
samples were k (ZnO) = 0.17383 h™", k (TiO,) = 0.07141 h™*,
and k (ZnO/TiO,) = 0.3775 h™", respectively. The photocatalytic

This journal is © The Royal Society of Chemistry 2014
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efficiency of the ZnO/TiO, composites was improved 2.17 times
more than that of the pure ZnO, and 5.29 times more than that
of the pure TiO, film. Cycle degradation of methyl blue with the
ZnO/TiO, composite was conducted, as shown in Fig. 11(b).
Obviously, there was no decrease after recycling the composite 6
times, which proved there was a good stability of contact at the
interface between the ZnO and the TiO,. Similarly, the degra-
dation of methylene blue also greatly improved with the data k
(ZnO) = 0.05868 h™*, k (TiO,) = 0.03194 h™?, k (ZnO/Ti0,) =
0.07132 h™", as shown in Fig. 12.

We believe that the above results were due to the synergistic
effect of TiO, and ZnO, which increased the separation effi-
ciency of the photo-generated carriers, and thus improved the
photocatalytic efficiency.’® That is to say, the higher photo-
catalytic activity of the TiO,/ZnO composite was related to the
role of the ZnO nanoneedles grown upon the TiO, layer.
According to our previous work, during high-temperature
thermal oxidation, the Zn film was oxidized into ZnO nano-
needles, and there was good lattice matching between the TiO,
and the ZnO through the short atom diffusion at the inter-
face.’>***! Different to the relatively “loose” heterojunction
prepared from regular chemical methods, this kind of tight
contact heterojunction exhibited a great effect on the photo-
generated carriers’ movement.

According to the photocatalytic mechanism, under light
irradiation, due to the energy band differences between the ZnO
and the TiO,, the photo-induced electrons will transfer from the
ZnO conduction band to the TiO, conduction band, while the
photo-induced holes move from the TiO, valence band to the
ZnO valence band."*** During these transforming processes,
we believe that the tight and compact heterojunction interface
between the ZnO nanoneedles and the TiO, layer played a key
role as a charge transport bridge, which significantly increased
the separation efficiency of the photo-generated carriers, and
enhanced the photocatalytic efficiency of the ZnO/TiO,
composite.

4. Conclusions

A novel ZnO/TiO, heterojunction composite with a nanoneedle-
on-film structure was prepared via three steps of MAO, plating
and thermal oxidation. By using a high temperature treatment
in air, metal Zn was directly transformed into ZnO nanoneedles
upon the MAO TiO, layer, which formed a tight contact het-
erojunction between the ZnO and the TiO,. This greatly
increased the separation efficiency of the photo-induced
carriers for improving the photocatalytic properties. This
physical process provided an effective method for preparing
high-performance thin-film photocatalysts. It exhibited several
advantages, such as simplicity, economy, suitability for mass
production, and potential applicability in the fields of photo-
catalysis, solar cells and supercapacitors, etc.
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